Abstract -A silicon carbide (SiC) detector was calibrated in terms of quantum efficiency (QE) as well as its spectral responsivity at two different wavelength radiations (λ N 2 = 2.88 nm and λ N e = 1.35 nm), using two different calibrated Si detectors, sensitive to the soft X-ray radiation (λ = 0.1 ÷ 10 nm). An Nd:YAG laser was employed to irradiate a nitrogen and a neon gas-puff target, producing a plasma, which is emitting radiation used for estimation of the detector parameters. A possibility to characterize a new generation of not commercial SiC detectors, with a higher band gap with respect to Si, employing a gas-puff target source, will be presented. Measurements show the SiC detectors QE, equal to 3.4 and 7.1 e/ph for 2.88-and 1.35-nm wavelength radiations, respectively. Calculations and results are reported and discussed.
in different scientific fields, like micro-and nanotechnology [1] , biomaterials [2] , and biosensors [3] , because of their high versatility. In the last years, particular attention has been dedicated to SiC detectors for particles and photons detection due to their physical properties and advantages respect to the silicon-based detectors. The wide band gap of 3.2 eV and the chemical stability of the material allows silicon carbide 4H-SiC based UV detectors to be very interesting devices for applications requiring visible blindness [4] , [5] , radiation hardness and the possibility to operate at high intensity visible light and in harsh environments, without the necessity to employ any external filters [6] , [7] . Other interesting characteristics of SiC detectors are represented by a high critical electric field, electron saturation velocity, and thermal conductivity [8] . Besides, such detectors allow fabricating devices operating at high temperature, power, and frequency. High sensitivity to the near UV, EUV, and soft X-ray (SXR) wavelength range is obtainable using an interdigit geometry of the Ni 2 Si Schottky front electrode. As widely reported in previous papers, thanks to the low dopant concentration of the active epitaxial layer and to the opportune geometry of the interdigit front structure, the detector is able to operate at very low negative biases (pinch-off regime) [9] , [10] . For this reason, small area (a few mm 2 ) 4H-SiC Schottky detectors with interdigit front electrode, operating at a very low polarization bias, are good candidates for the monitoring of plasma generated by low intensity lasers. The Schottky photodiodes, working in the photovoltaic regime, having a high signal-to-noise ratio at room temperature [11] , high robustness, and fast response time, can be employed to monitor the EUV and SXR radiation emitted as a result of a laser-matter interaction. The SiC detectors were already successfully employed to monitor laser-generated plasma, obtained using a high repetition rate table-top source, based on an Nd:YAG laser irradiating a gas-puff target [12] . This source, capable of emitting radiation in the SXR and EUV range [13] , [14] , was developed for metrology applications in the frame of MEDEA+ project [15] . In this paper, neon and nitrogen plasma radiation, at 1.35-and 2.88-nm wavelength, respectively, emitted from a compact double stream gas-puff target source, were employed in order to show the possibility to determine the quantum efficiency (QE) of a 4H-SiC interdigit detector using two different referring detectors sensitive to the SXR radiation, with known characteristics provided by the manufacturer. The reproducibility of the plasma properties for each laser pulse may be monitored successfully using the SiC detectors, as reported in this paper.
II. EXPERIMENTAL SETUP
The 4H-SiC Schottky UV photodiodes were fabricated at CNR-IMM-Catania and STMicroelectronics-Catania clean room facilities (Catania, Italy) on n + type substrate and ∼ 4-μm thick n-type epitaxial layer with a dopant concentration of 10 14 /cm 3 . The interdigit Schottky front electrode was obtained through standard photolithographic technique. The photodiode has a square geometry with a total area of 8 mm 2 . The distance between contiguous Ni 2 Si stripes in the interdigit front electrode is ∼10 μm, whereas the 4H-SiC area directly exposed to the radiation is the 75% of the total area then the active area is of ∼ 6 mm 2 . Fig. 1(a) shows a picture of such SiC detector and Fig. 1(b) shows the scheme of the electronic chain used for SiC device read-out. The leakage current at room temperature was 6 pA. A bias of −20 V has been chosen in order to induce a proportional increasing of the signal intensity, ensuring an optimal detection performance for the SXR radiation [16] . The junction capacitance was measured to be C d = 100 pF, whereas the junction resistance was R d = 6 . These values do not change significantly by increasing the negative bias applied to the device due to the low dopant concentration of the epilayer, which allows horizontal and vertical pinch-off of the epilayer, as widely described in previous papers [10] , [16] . Similar devices were presented and widely examined [16] [17] [18] , indicating that the maximum photon detection efficiency is attained at 0 V in the wavelength range of 200-380 nm. The SiC detectors were already employed to follow the plasma evolution generated by laser pulses of 4-ns time duration, demonstrating that their response time is limited only by the coupling capacitance and resistance to the fast storage oscilloscope. Studies about the detectors response time in the SXR range and characterization in terms of sensitivity versus wavelength in the same range are reported in [12] .
A. Nitrogen Plasma Emission at 2.88 nm for SiC Detector Calibration Fig. 2(a) shows a scheme of the experimental setup employed for the SiC detector calibration, at two Experimental setup for calibration of the SiC detector (a) employing N 2 plasma radiation at 2.88 nm and (b) employing Ne plasma radiation at 1.35 nm.
quasi-monochromatic radiations, for nitrogen plasma: 1) at 2.88 nm and for neon plasma and 2) at 1.35 nm. For the first measurement at λ = 2.88 nm, the SiC detector was placed perpendicularly to the laser beam and nozzle axis direction, at a distance of 215 mm from the source, with a solid angle of detection SiC = 130 μsr. In this configuration, the corpuscular radiations (electrons, ions, and molecules) are not revealed [19] . To ensure the complete and horizontal depletion of the active area and to obtain at the same time a linear intensity response avoiding possible saturation, the SiC photodiode was biased with −20 V [18] .
The same setup was used to monitor the SXR emission, employing a calibrated AXUV-HS1 Si photodiode from IRD, CA, USA (mentioned in this paper as HS1), with an active area of 0.05 mm 2 . The detector was placed at a distance of 175 mm from the plasma, at a solid angle of detection HS1 = 1.63 μsr to ensure the linear range of the detector operation. The bias used was −28 V.
The SiC detector was biased through R 0 = 100-k resistor and the signal was sent to a fast storage oscilloscope TEKTRONIX, OR, USA (DPO 70404, 4-GHz bandwidth, 25 GS/s) through a C 0 = 22-pF coupling capacitor.
A nitrogen plasma was produced by focusing Nd:YAG laser pulses (3-4-ns pulse duration, energy of 0.69 J, repetition rate up to 10 Hz) onto a double stream gas-puff target. The laser source was optimized for efficient generation of the SXR radiation from the nitrogen plasma [20] . The gas-puff target is produced by injection of small amount of gases from two concentric nozzles into a vacuum, perpendicularly to the incident laser beam. The inner nozzle (0.4 mm in diameter) injects a small amount of working gas (nitrogen, a backing pressure P = 3-10 bar) into the vacuum chamber. The outer nozzle, ring-shaped 0.7-1.5 mm in diameter, injects a low Z-number gas (helium, in this case, at a constant pressure of 6 bar), to narrow down the flow of the working gas, reducing its density gradient along the nozzle axis. This improves the SXR emission signal and allows avoiding nozzle ablation by repetitive plasma formation.
The source was successfully used in a compact "water window" microscope to image specimens with high spatial resolution [21] . Spectral measurements of the laser-plasma source were performed using a Si 3 N 4 transmission grating spectrometer with grating period of 200 nm (5000 lines/mm). The spectrum was acquired using a CCD camera (X-vision, Reflex, Czech Republic) with exposure of 50 SXR pulses. A 100-nm Ti filter (Lebow Co., CA, USA) was employed to cut the H-like nitrogen line at 2.48 nm almost completely, so the main part of the energy is in a single line (λ = 2.88 nm), in the "water window" spectral range, as shown in Fig. 3 .
B. Neon Plasma Emission at 1.35 nm for SiC Detector Calibration
The SXR source used in the experiment is based on a double-stream gas-puff target irradiated with 10 ns/6 J Nd:YAG laser pulses [22] . In this case, the target was formed by pulsed injection of neon gas (pressure range 2-10 bar) into a hollow stream of helium (constant pressure of 6 bar). The neon plasma radiation at 1.35 nm, as shown in Fig. 3 (spectra acquired with an exposure of 5 SXR pulses), was filtered using a 2-μm thick beryllium filter from Lebow, plasma emission was measured employing the SiC detector at a bias of −20 V, at a distance of 816 mm from the source, with a solid angle SiC = 9.01 μsr, as can be seen in Fig. 2(b) . A calibrated AXUV 100GX Si photodiode (mentioned in the paper as AXUV), from Optodiode Corp., 10 × 10 mm 2 in size, was placed at a distance of 744 mm from the plasma emission, with a solid angle of detection AXUV = 180 μsr.
This detector has the same QE response of the HS1, but it is more sensitive to lower signals with respect to HS1 due to much larger active area (100 mm 2 ). The bias for the AXUV detector was −28 V as before.
The schematic experimental setup, including all the distances from the detectors to the filter and to the source, is shown in Fig. 2(b) .
III. EXPERIMENTAL RESULTS
The SXR photon yield measurements, based on integration of photodiode signal, were performed employing SiC and Si detectors (HS1 in the case of nitrogen plasma and AXUV in the case of neon plasma), in a gas pressure range of 2-10 bar. Changing the pressure allowed to change the SXR photon flux impinging the detector surface. Ten measurements for each pressure value were acquired in order to have a statistic estimation of the signals detected. By evaluating the SiC integrated photodiode voltage as a function of the HS1/AXUV-integrated photodiodes voltage, it is possible to observe that both signals increase linearly with the pressures (Figs. 4 and 5) . The average photon flux, ph (at the detector area) can be calculated from the relation [23] , from the Si referring detector
where V (t) is the photodiode voltage signal as a function of time, dt is the sampling interval (dt = 0.04 ns), QE λ is the QE of the detector at a certain wavelength (in electrons/photon), provided by the manufacturer, e = 1.6 × 10 −19 C is the charge of the electron and R i = 50 is the oscilloscope input resistance.
The quantum efficiency QE λ represents the number of electrons (electrons-hole pairs) created per incident photon as a function of the photon's wavelength, and it is used to evaluate the sensitivity of a detector for defining the fraction of photon flux that contributes to the photocurrent in a photodetector. Another way to characterize the detector is the spectral responsivity R λ [24] , measured in amperes per watt (A/W), that defines how much current comes out of the device per incoming photon of a given energy and wavelength.
R λ and QE λ are related by
where is the Planck constant, c is the speed of light in vacuum, and λ is the wavelength.
Two experiments were performed in order to estimate the QE of the SiC detector at two different wavelengths, at 2.88 nm from nitrogen plasma, and at 1.35 nm from neon plasma in the SXR range.
A. Nitrogen Plasma Emission-SiC Quantum Efficiency Determination at λ = 2.88 nm Fig. 4 shows the relation between the SiC and HS1 detection signals integrated in time for nitrogen plasma emission at 2.88 nm. Six experimental points were acquired at different pressures (in the range of 3-10 bar), as the plot shows. The horizontal and vertical error bars indicate the measurement error calculated for ten consecutive measurements for each gas pressure, for different detectors. It was calculated as ±σ , where σ is the standard deviation of the integrated signal. The associated error with the slope of the fit line (calculated by fitting the trend lines to data with ±σ ) was ± 0.2.
B. Neon Plasma Emission-SiC Quantum Efficiency Determination at λ = 1.35 nm
Similar measurements were performed in the case of neon emission line, at λ = 1.35 nm. The experimental data are shown in Fig. 5 .
In this case, eleven experimental points were acquired at different pressures in the range of 2-10 bar. The associated error with the slope of the fit line was ±0.2 · 10 −3 .
IV. ESTIMATION OF QE λ FOR SiC DETECTOR
Taking into account that the ratio of the detected average photons flux is proportional to the solid angle, from (1), it is possible to write the following relation:
where ph_det and ph_SiC are the photon flux detected by the HS1/AXUV referring detectors and by the SiC detector, respectively, whereas det and SiC are the corresponding solid angles. Using (3) and (1), it is possible to write
where D det and D SiC are the distances source-detectors depending on the detectors used (HS1 or AXUV), and A det and A SiC represent the respective detector active areas. Knowing the QE of the HS1/AXUV detector (QE λ det ), provided by the manufacturer [25] , it is possible to estimate the QE of the SiC detector, QE SiC , from the following relation:
This relation can be associated with the equation of the straight line through the origin in Figs. 4 and 5, y = a · x, where the ratio equals to
represents the line slope. In other words, we can rewrite (5) generally as
where a is the slope of the straight-fit lines, det is the solid angle relative to the detectors AXUV/HS1, SiC is the solid angle related to the SiC detector and QE det is the QE of the referring detectors (manufacturer's data). This relation permits to define the proportionality between the QE of the Si detectors AXUV/HS1 and the estimated values for the SiC detector.
A. Determination of QE
λ=2.88 nm SiC and QE
λ=1.35 nm SiC
Having in mind that the slope of the trend line in the plot shown in Fig. 4 
V. ERROR ANALYSIS
As already mentioned, the QE SiC can be estimated using (7) that can be synthesized as
Due to the fact that the manufacturer did not specified an error associated with the QE det , we cannot include that uncertainly in our analysis. However, all the other variables affected by some uncertainties were taken into account in our estimations. The error associated with the slope, δa, was estimated by fitting additional lines (dashed lines in Figs. 4 and 5) through the data at ± σ . The error associated with the solid angles det and SiC can be calculated from the following equation:
The total error can be estimated from the following equation:
The distances accuracy were equal to δ D det = δ D SiC = 1 mm, whereas the AXUV and SiC detector sizes were estimated with an accuracy of δ A AXUV = 2 mm 2 and δ A SiC = 0.49 mm 2 , respectively. The active area of the HS1 detector was estimated from image acquired with a traditional optical microscope, assuming an accuracy related with the dimension of two pixels of the image of 5 μm that permitted to estimate an associate error equal to δ A HS1 = 2.17 × 10 −3 mm 2 . As mentioned before, δa from Figs. 
VI. DISCUSSION
As it is possible to observe, both results reported in Figs. 4 and 5 show a similar linear proportionality of the detectors response. This is expected if the detectors are operating in their linear response region. The QE values of the SiC detector are lower than the HS1/AXUV values. These differences result from the larger band gap energy (3.2 eV) and the different structure of the 4H-SiC Schottky barrier [26] . Nevertheless, the QE ratios, at the two wavelengths, are very similar for both Si 
The differences between these ratios not exceed 3%, reflecting that both responses are proportional to the increase of the photon energy. Table I reports QE λ and R λ for calibrated AXUV/HS1 detectors and the experimental values determined for the SiC photodiodes. Fig. 6 shows a comparison of the quantum efficiencies and of the responsivities (2), calculated at the two wavelengths for the referring detectors HS1 and AXUV and for the SiC detector. The spectral responsivity trend, moreover, for this two particular wavelengths is in good agreement with similar studies reported in the literature for 6H-SiC detectors [27] . The estimated SXR SiC quantum efficiencies QE λ , and spectral responsivity R λ , for the investigated wavelengths, were about a factor of 35 lower than those of a Si photodiode. The SiC detectors present different advantages in respect to the Si photodiodes, such as the possibility to maintain a high signal-to-noise ratio, the higher band gap, a lower reverse current also at room temperature (of the order of 10 pA against the 10 nA of a Si), absence of response to the visible light, high temperature operation, higher density and high radiation hardness. Moreover, Si-C bounding energy is greater than the Si-Si, and has a higher threshold for the radiation damage. For these reasons, these photodiodes these photodiodes can be employed for applications where well established Si diodes are more difficult to be used.
VII. CONCLUSION
A possibility to estimate the quantum efficiency, QE SiC , of a SiC detector was demonstrated, employing the compact laser-produced plasma SXR source based on a double stream gas-puff target. The QE SiC was determined at two different wavelengths in the SXR wavelength range.
SiC detectors might open new application possibilities, including the detection and monitoring of the EUV and SXR radiations without visible radiation background signal, which is important especially for laser-plasma sources. Moreover, even though the gas-puff target sources are not tunable in a sense the synchrotrons are, they still offer the possibility to select different radiation wavelengths changing the gas and filters. This permits, in the near future, to continue the SiC detector characterization employing other wavelengths.
Next step of this research will be the employment of a new type of SiC detectors with a thicker depletion layer and/or using a p-n junction instead that a Schottky one, thought to have a higher QE. 
